Although the use of nonviral vectors for gene therapy offers distinct advantages including the lack of significant inflammatory and immune responses, the levels of expression in vivo remain much lower than those obtained with their viral counterparts. One reason for such low expression is that unlike many viruses, plasmids have not evolved mechanisms to target to the nucleus of the nondividing cell. In the absence of mitosis, plasmids are imported into the nucleus in a sequence-specific manner, and we have shown in cultured cells by transfection and microinjection experiments that the SV40 enhancer mediates plasmid nuclear import in all cell types tested (Dean et al., 1999, Exp Cell Res 253: 713-722). To test the effect of this import sequence on gene transfer in the intact animal, we have recently developed an electroporation method for DNA delivery to the intact mesenteric vasculature of the rat. Plasmids expressing luciferase or GFP from the CMV immediate-early promoter/enhancer and either containing or lacking the SV40 enhancer downstream of the reporter gene were transferred to the vasculature by electroporation. When transfected into actively dividing populations of smooth muscle or epithelial cells, the plasmids gave similar levels of expression. By contrast, the presence of the SV40 sequence greatly enhanced gene expression of both reporters in the target tissue. At 2 days post-transfer, plasmids with the SV40 sequence gave 10-fold higher levels of luciferase expression, and at 3 days the difference was over 40-fold. The presence of the SV40 sequence did not simply increase the rate of nuclear import and expression, since expression from the SV40-lacking plasmid did not increase beyond that seen at day 2, the time of maximum expression for either plasmid. In situ hybridization experiments confirmed that the increased gene transfer and expression was indeed due to increased nuclear localization of the delivered SV40 sequence-containing plasmid. Based on these findings, the ability to target DNA to the nucleus can increase gene transfer in vivo and inclusion of the SV40 sequence into plasmids will enhance nonviral gene delivery.
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Keywords: nuclear import; nonviral vectors; plasmid DNA; electroporation; vasculature Currently, gene therapy is limited by two factors: side effects of certain vectors, and inefficiency of others for gene transfer. Over the past decade, numerous viral and nonviral approaches have been proposed and developed for transferring genes to various tissues in vivo, but all have serious limitations. Inefficiency of gene transfer, immunological responses, and nonspecificity of cell targeting are just a few of the problems. In contrast to viral vectors, nonviral vectors show great potential for gene therapy. Very little immune response or inflammation is generated against DNA, either as naked plasmid or when complexed with liposomes or other polymers such as polyethylenimine. 1 Plasmid production is simple and yields high levels of vector, and plasmids can be easily purified without contaminants such as wild-type or defective virus particles. Thus, multiple administrations of vector can be given and there are fewer safety concerns. Unfortunately, the efficiency of transfer of nonviral vectors in most tissues remains low, and for nonviral vectors to be of significant use, their ability to transfect cells in vivo must be increased.
Two of the areas that are limiting for gene transfer are delivery into the cytoplasm of the cell and targeting to the nucleus. [2] [3] [4] Multiple approaches have been developed to facilitate uptake of plasmids across the plasma membrane. By contrast, relatively few methods have been developed to enhance the delivery of plasmids into the nucleus. In dividing cells, the nuclear envelope breaks down during mitosis and it has been shown that the degree of transfectability of cells correlates well with their progress through the cell cycle. 5, 6 Unfortunately, most of the cells of interest for gene therapy are either very slowly dividing or nondividing, and in these cells the nuclear envelope is a major barrier to gene transfer. [7] [8] [9] [10] [11] [12] In nondividing cells, DNA nuclear entry is not passive, but is an active process in which multiple cellular components have been shown to be involved. Using a variety of approaches, including transfection, microinjection, and permeabilized cell systems, we have observed that plasmid nuclear import in nondividing cells is a sequence-specific process. 3, 13, 14 We have identified several DNA sequences that target plasmids into the nuclei of nondividing cells. 3, 4, 13, 15 The common feature to these sequences is that they contain binding sites for transcription factors. One sequence that acts as a DNA nuclear targeting sequence (DTS) is the SV40 enhancer, which is known to bind to over 10 distinct transcription factors. Based on a number of data, we have proposed a model in which the nuclear import of SV40 DTS-containing plasmids is mediated by one or more of these transcription factors, which bind to the DNA in the cytoplasm and shuttle the complex into the nucleus.
14 When this SV40 sequence is placed downstream of a reporter gene driven by the CMV immediateearly promoter and enhancer, which does not function as a DTS, gene expression can be detected in either arrested or synchronized cells prior to cell division, while an otherwise identical plasmid that lacks the DTS is incapable of gene expression. 3, 15 Thus, it stands to reason that incorporation of the SV40 DNA targeting sequence would also function to increase nuclear accumulation of DNA and therefore increase gene expression in vivo.
In order to test the efficacy of using such DNA nuclear targeting sequences in vivo, we have taken advantage of our recently developed electroporation technique to deliver DNA to the intact vasculature of the rat. 16 This technique results in high-level gene expression in all cell layers of the vasculature and results in no tissue damage or downstream ischemia.
Since the cells of the vasculature are terminally differentiated and nondividing, this model serves as an excellent system in which to study the effects of the SV40 DTS. In this study, we demonstrate that incorporation of the SV40 DTS into expression plasmids results in 10-40-fold increases in vascular gene expression, confirming the function of DNA nuclear targeting sequences in vivo.
To determine the effects of the presence of the SV40 DTS in an expression plasmid on in vivo gene transfer and expression, we created two matched pairs of plasmids that expressed different reporter genes ( Figure  1 ). Since the CMV immediate-early promoter (CMV iep ) does not mediate nuclear import of cytoplasmically delivered plasmids in cultured cells, we were able to use this strong viral promoter to drive either luciferase or GFP expression. 3, 15 The SV40 enhancer was cloned downstream of the reporter gene in two of these constructs. We have shown by microinjecting the GFP plasmids into the nuclei of cells that both plasmids (containing or lacking the SV40 DTS) gave similar levels of gene expression, demonstrating that they are transcriptionally equivalent. 3 By contrast, when they are injected into the cytoplasm, the plasmid lacking the SV40 DTS cannot localize to the nucleus or allow gene expression until the cells undergo mitosis. As such, these plasmids are efficient reporters for nuclear import.
We have previously used the GFP-expressing plasmid containing the SV40 sequence to develop a method for high-level gene transfer to the vasculature using electroporation. 16 This procedure is rapid, safe, and results in no ischemic damage to the treated vessels or downstream tissues. However, it is possible that the application of the electric field or the procedure itself could promote cell division or neovascularization, thus complicating our analysis. When electroporated or naïve mesenteric neurovascular bundles were analyzed for proliferating cell nuclear antigen (PCNA) expression, a marker of cell proliferation, 17 no differences in expression levels were detected between the tissues, whereas significant PCNA nuclear staining can be seen in the small intestine, which is known to have a high rate of cell division ( Figure 2) . To determine what effect the SV40 DTS has on gene transfer to the vasculature, we transferred the GFP plasmids to the rat mesenteric vasculature and determined the levels of GFP expression 2 days post-transfer, during the height of gene expression ( Figure 3 ). Robust GFP expression can be seen in vessels that received pGFP-DTS, but not in a control vessel that received no DNA. In striking contrast, almost no GFP expression over background can be seen in vessels that were electroporated with the same amount of pGFP lacking the SV40 sequence. Multiple vessels from two rats are shown, as are control vessels from each animal. These results demonstrate that the SV40 DTS enhances gene transfer and expression in vivo.
To quantify the effect of the nuclear targeting sequence, luciferase-expressing plasmids were transferred to the vasculature (Figure 4) . A total of 79 vessels within 10 individual animals were electroporated with pCMV-Lux-DTS and harvested at 2 days postelectroporation. In this group of animals, we observed a mean luciferase expression of 365775 pg (s.e.m.) per vessel segment (B1 cm). By contrast, vessels receiving pCMVLux (65 vessels in 10 rats) expressed 28.778.6 pg luciferase per vessel. Thus, the presence of the SV40 DTS enhanced gene expression by greater than 10-fold.
One possible reason for the decreased expression from the plasmids lacking an SV40 DTS is that the timing of gene expression has shifted. Inclusion of a nuclear Figure 1 Cartoon of plasmid constructs. Matched sets of GFP or luciferase reporter constructs were created. 3 Reporter genes are driven by the CMV immediate-early promoter which does not mediate plasmid nuclear import, and, when present, the SV40 DTS is downstream of the reporter gene. All plasmids were prepared using Qiagen Gigaprep kits and greater than 80% were in the supercoiled form as determined by agarose gel electrophoresis.
In vivo function of a DNA nuclear targeting sequence JL Young et al targeting sequence in a plasmid results in rapid transport into the nucleus, whereas plasmids lacking such a sequence may take longer to accumulate using other means. In cell culture we cannot exclude this possibility because the time frame of our experiments is relatively short. However, electroporation is known to deposit large amounts of DNA into the cytoplasm, and if given enough time, it is possible that a few of the plasmids lacking a DTS may enter the nucleus. To test this, we followed gene expression of the luciferase-expressing plasmids over time ( Figure 5 ). The plasmid carrying the SV40 DTS showed a level of expression 100-fold over background in electroporated vessels at days 2 and 3 postdelivery, and then decreased by days 5 and 7 to slightly above background. Similarly, the peak of expression of the DTS-lacking plasmid was at day 2, but expression was only seven-fold over background, and never increased at later times to levels that were statistically significant over background. Thus, the timing of expression of the two plasmids is similar, suggesting that nuclear import of the DTS-lacking plasmids is simply inefficient. Based on all of our present and previous data, the most straightforward explanation for the increased gene expression seen in vessels electroporated with plasmids carrying the SV40 DTS is that more plasmids are targeting to the nucleus, leading to increased transcription. To directly address this, in situ hybridizations to detect the input DNA were performed on tissue sections from animals electroporated with SV40-containing orlacking plasmids (Figure 6 ). At 8 h postelectroporation, considerable amounts of signal are seen in tissue sections from animals that received mixtures of pCMV-Lux and pGFP plasmids containing or lacking the DTS (Figure  6a-d) . None of the signals in DTS-lacking sections colocalizes with nuclei (Figure 6a and b) , while a portion of the DTS-containing plasmids localize to the nuclei even at this early time (Figure 6c and d) . By 24 h postelectroporation, most of the DNA signal in sections from vessels electroporated with the DTS-lacking plasmids has disappeared, presumably because of DNA degradation (Figure 6e and f) , although most of the DNA signal is nuclear at the same time point in vessels that received the DTS plasmids (Figure 6g and h) . Very little, if any, signal was detected in tissues that had received a mixture of pCMV-Lux and pGFP plasmids by 48 h (Figure 6i and j) . By contrast, a significant amount of input DNA could still be detected in tissue sections from animals that were electroporated with the SV40-containing plasmids pCMV-Lux-DTS and pGFP-DTS (Figure 6k and l). At higher magnification, the presence of input DTS-containing DNA can be detected clearly in the nuclei of cells (Figure 6m and n) .
In the present study, we have extended our findings on the role of plasmid nuclear targeting sequences in cultured cells to the intact vasculature and have shown that the presence of a DTS greatly increases gene transfer and expression. Previously, we have demonstrated that in the absence of cell division, plasmids lacking an import sequence do not localize to the nucleus or allow gene expression in cultured cells. Injection of 10 000-20 000 copies of a plasmid that lacks the SV40 sequence into the cytoplasm of arrested or synchronized cells does not allow nuclear import or gene expression, whereas as few as 10 plasmids containing the SV40 sequence lead to gene expression in the same cells when cytoplasmically injected. 3, 13 Thus, in cultured cells, the need for an import sequence appears absolute in the absence of cell division. By contrast, plasmids lacking a DTS are able to enter the nuclei of cells in vivo, at least at some very low level, Figure 2 Evaluation of cellular proliferation in electroporated rat mesenteric vessels. PCNA expression was detected by immunohistochemistry in naïve (a) and electroporated (b) rat mesenteric vessels or in rat small intestine (c). Vessels were electroporated as previously described. 16 Briefly, male SpragueDawley rats (200-400 g) were anesthetized with isoflurane, a midline incision was made, and the small intestine was exteriorized. Approximately 1 cm of each neurovascular bundle was placed individually in the electrode and covered with a solution of 10 mM Tris, pH 8, 1 mM EDTA, 140 mM NaCl. Based on the design of the electrode, approximately 55 ml of solution was used to bathe the vessel. Vessels (8-10 per animal) were electroporated with eight square wave pulses lasting 10 ms each at a field strength of 200 V/cm using a BTX830 electroporator (Genetronics, San Diego, CA, USA). After all vessels were electroporated within a given animal, the incision was closed and the animal was allowed to recover and returned to the vivarium. All experiments were conducted in accordance with institutional guidelines in compliance with the recommendations of the Guide for Care and Use of Laboratory Animals. At 1 or 2 days post-transfer, vessels were removed from the animals which were then euthanized. Vessels were rinsed extensively with cold PBS, fixed in 10% buffered formalin, and embedded in paraffin for thin section preparation. Immunohistochemistry was performed on 6 mm sections using a mouse monoclonal antibody directed against PCNA (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and detected with Alkaline Phosphatase ABC reagent and Vector Blue substrate (Vector Laboratories, Burlingame, CA, USA). Sections were counterstained with eosin and photographed. Images are representative of multiple vessels (n¼three animals, six naïve and six electroporated vessels from each). Bar¼100 mm.
In vivo function of a DNA nuclear targeting sequence JL Young et al based on the fact that low-level gene expression was detected in vivo (Figures 4 and 5 ), but was below the level of detection in our in situ hybridization experiments ( Figure 6 ). However, the present results demonstrate that incorporation of a nuclear targeting sequence can improve in vivo gene transfer. These results confirm those obtained in skeletal muscle, where inclusion of the SV40 sequence into expression plasmids increased gene expression 20-40 fold. 18 The data presented here suggest that the SV40 DTS increases gene expression by increasing import of the plasmids into the nucleus. Microinjection followed by in situ hybridization has shown that plasmids lacking the SV40 DTS, including pCMV-Lux and pGFP, fail to localize to the nucleus in the absence of cell division. 13, 19 This confirms that the SV40 enhancer has two activities: the ability to stimulate nuclear import of DNA and the more traditional transcriptional enhancer function. 9 Another property of the SV40 enhancer is its ability to direct nucleosome phasing in the SV40 genome. In infected cells, the SV40 genome contains approximately 22 host nucleosomes phased at intervals radiating away from the enhancer and late promoter, which remain Figure 4 Quantitative evaluation of the effect of the SV40 DTS on vascular gene transfer. Rat mesenteric vessels were electroporated with pCMV-Lux (n¼65 vessels in 10 rats) or pCMV-Lux-DTS (n¼79 vessels in 10 rats), as described in Figure 2 . At 2 days post-transfer, vessels were removed, immediately snap frozen in liquid nitrogen on a prefrozen bed of Promega lysis buffer containing 1 mM dithiothreitol (400 ml; Promega, Madison, WI, USA), and ground into a fine powder. 28 Lysates were assayed for luciferase activity, standardized against purified recombinant luciferase protein (Promega) and expressed as pg luciferase per vessel. 16 Mean expression levels were calculated and s.e.m. was determined using Instat software (GraphPad Inc., San Diego CA, USA). Mann-Whitney Utest revealed a statistically significant difference in expression between the two groups, Po0.001 (*). Figure 5 Time course of expression of plasmids containing or lacking import sequences. Plasmids were transferred to vessels using electroporation and, at the indicated times, harvested for measurement of luciferase expression as described in Figures 2-4 . Between two and 10 animals were used at each time point (nX12 vessels per time point per construct). Time 0 represents vessels that received no DNA, and accounts for the level of sensitivity of the assay. * Po0.01 versus time 0; # Po0.05 versus pCMVLux at the same time point. Figure 3 Effect of the SV40 DTS on GFP gene expression in electroporated rat mesenteric arteries. Plasmid solutions containing DNA at 2 mg/ml in 10 mM Tris, pH 8, 1 mM EDTA, 140 mM NaCl were delivered to rat mesenteric vessels by electroporation as described in Figure 2 . Vessels in panel a received pGFP and those in panel b received pGFP-DTS (or no DNA, 'Control'). At 2 days post-transfer, vessels were removed from the animals which were then euthanized, rinsed extensively with cold PBS and the vessel was dissected away from the surrounding adipose tissue. GFP was excited at 488 nm and visualized at 515 nm using the appropriate filter cubes with a low-power objective on an upright Leica DMRX fluorescence microscope. Fluorescent images were collected, all with the same exposure time and gain settings, using a Hamamatsu ORCA-2 cooled CCD camera and OpenLab3.0 software (Improvision, Lexington, MA, USA). The vessels shown are representative of those from multiple animals for each plasmid (n¼five rats for pGFP; n¼11 rats for pGFP-DTS).
In vivo function of a DNA nuclear targeting sequence JL Young et al nucleosome-free. 20, 21 While there is a short palindromic sequence of DNA in the origin of replication (180 bp from the enhancer repeats), it is not necessary for nucleosome phasing or nuclear import, and to date there have been no other data to support a role for DNA secondary structure in the enhancer that may account for phasing. Rather, it is generally assumed that the higher affinity binding of transcription factors to this region initiates phasing of the nucleosomes. It is possible that such chromatin organization may contribute to the increased gene expression seen with the SV40 DTScontaining plasmids, but it is unlikely since increased nuclear localization and/or gene expression has been detected in vitro and in vivo when the DTS is placed either upstream or downstream of the promoter and reporter gene, suggesting that the import activity of the SV40 sequence is position-independent. 3, 13, 18 Thus, it is possible that the SV40 sequence is displaying all three activities in vivo to account for increased gene expression, but based on transfection and microinjection studies in vitro and in dividing tumor tissue in vivo where it was found that matched plasmids containing and lacking this SV40 sequence were transcriptionally equivalent within a factor of two, it is likely that the import activity is predominant. 3, 18, 22 Indeed, when the presence and location of the electroporated plasmids were analyzed by in situ hybridization, a DNA signal, nuclear or otherwise, was detected only in tissues that received the SV40-containing plasmids.
Based on the sequences required for nuclear import in both SV40 and several other nuclear targeting sequences, we predict that DNA nuclear uptake is mediated by specific transcription factors that form a complex with the DNA. Experiments in cultured and permeabilized cells from our laboratory and others support this model. 3, 14, 15, 23, 24 Unlike the SV40 enhancer, many other strong viral promoters such as the CMV iep or the RSV LTR appear not to mediate nuclear import even though they bind many of the same transcription factors as the SV40 sequence. 3, 15 The likely reason for this is that it is the overall organization and structure of the transcription factor-DNA complex that is important and that more than one specific transcription factor is needed for nuclear localization. Protein-mediated DNA nuclear import also has been suggested for the nuclear localization of the HIV preintegration complex, although in the case of HIV, the NLS-containing proteins that are essential for nuclear import are viral proteins that are supplied by infecting virions. 25 An alternative mechanism for HIV DNA nuclear import has also been proposed to involve a displaced DNA strand 'flap' at the 2-LTR junction. 26 How this 'flap' mediates nuclear import has yet to be established mechanistically, but since the SV40 enhancer has no apparent secondary or triplex structure, it is unlikely that a similar mechanism plays a role in the import activity of the SV40 sequence.
Although we have demonstrated in cultured cells that not all promoters, enhancers, and transcription factor Figure 6 Plasmid localization in rat mesenteric vessels as analyzed by in situ hybridization. Plasmid solutions containing pCMV-Lux and pGFP (2 mg/ml each; a, b, e, f, i, and j) or pCMV-Lux-DTS and pGFP-DTS (2 mg/ml each; c, d, g, h, and k-n) were transferred to the rat mesenteric vasculature by electroporation as described in Figure 2 . Vessels were harvested at 8 (a-d), 24 (e-h), or 48 h (i-n) postelectroporation, rinsed with cold PBS, fixed overnight in 10% buffered formalin and embedded in paraffin for thin sections. In situ hybridizations were performed on 10 mm sections as described by Moorman, 29 using biotin-labeled, nick translated pCMV-Lux-DTS and pGFP-DTS as probe. Following hybridization and washes, sections were treated with RNase H to eliminate detection of mRNA. Electroporated DNA was detected using the TSA Biotin System (Perkin-Elmer, Boston, MA, USA) and Alkaline Phosphatase-Vector Blue ABC system (a, c, e, g, i, k, and m). Nuclei were counterstained with DAPI (b, d, f, h, j, l, and n). Panels a-l are at the same magnification; bars¼100 mm.
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In vivo function of a DNA nuclear targeting sequence JL Young et al binding sites promote nuclear import, it is possible that we have not been able to detect low levels of nuclear import in our systems or that we have not allowed sufficient time for import to occur. Thus, similar but weaker protein and transcription factor-DNA complexes could form on other regions of the plasmids to mediate low-level nuclear import. By introducing large quantities of DNA into cells in vivo by electroporation, the low-level expression seen from plasmids lacking import sequences could become detectable over time. Since we see low levels of gene expression in vivo from plasmids lacking a DTS (Figures 4 and 5) , at least a few plasmids must be gaining entry into the nucleus for transcription to take place. This suggests that in the absence of nuclear targeting sequences, import is low, but if enough DNA is delivered to the tissue, this limitation can be overcome.
In this study, we have demonstrated that incorporation of the SV40 universal DNA-targeting sequence into expression plasmids acts to enhance gene expression in the intact rat mesenteric vasculature, and in combination with electroporation gives high-level gene expression in vivo. Recently, electroporation has been used in the rabbit carotid and has shown similar high-level gene expression and therapeutic efficacy when DNA was delivered intraluminally and the electric field was applied from the adventitial surface. 27 Thus, the use of electroporation for gene transfer to the vasculature is a safe and powerful tool that can be utilized for the study of numerous physiological and cellular processes within the context of the whole animal as well as investigating and exploiting the process of exogenous DNA nuclear import for the development and improvement of nonviral gene therapy vectors.
